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We investigate an antiferromagnetic spin-1 Heisenberg chain in the presence of Dyzaloshinskii-Moriya
interactions (DMI) and an external magnetic field. We study the resulting spin chain using a combination
of numerical and analytical techniques. Using DMRG simulations to determine the spectral gap and the
entanglement spectrum, we map out the phase diagram as a function of magnetic field strength and DMI strength.
We provide a qualitative interpretation for these numerical findings by mapping the spin-1 chain on a spin-1/2
ladder and using a bosonization approach.
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I. INTRODUCTION
Haldane’s work [1,2] on quantum spin-1 chains has led
to one of the first examples of a symmetry-protected topo-
logical phase. Indeed, the conjectured existence of a finite
gap between the ground state and the excited states in an-
tiferromagnetic spin-S Heisenberg chains with integer S has
sparked substantial research activity in integer-spin chains,
mostly by means of numerical studies based on Monte Carlo
simulations [3–9] or the density matrix renormalization group
(DMRG) [10–14]. It has also motivated experimentalists to
search for host materials for spin-1 chains, and those were
eventually realized in AgVP2S6 [15–18], SrNi2V2O8 [19–21],
or CsNiCl3 [22].
This Haldane phase constitutes a topological phase, so its
ground state degeneracy depends on the applied boundary
conditions. In the case of a spin-1 chain with open boundary
conditions, two uncoupled, localized spin-1/2 states appear
at the ends of the chain which lead to a fourfold degener-
ate ground state. In contrast, the ground state for periodic
boundary conditions is nondegenerate. Applying a constant
magnetic field leads first to a closing of the gap. Upon further
increase of the field, the gap reopens and the system enters a
(topologically trivial) ferromagnetic phase.
However, as the Haldane phase constitutes only a
symmetry-protected topological phase, these ground state de-
generacies and the spectral gap are not robust to all pertur-
bations [23]. A helical magnetic field, for instance, which
is unitarily equivalent to Dzyaloshinskii-Moriya interaction
(DMI) [24,25], destroys the topological phase. In particular,
the extreme case of a staggered magnetic field was studied
in detail in Refs. [26] and [27]. It was found that the spec-
trum in this case remains gapped for arbitrary magnetic field
strengths, without any phase transition between the Haldane
phase and the antiferromagnetically ordered phase.
The purpose of the present work is a detailed analysis
of the crossover between these two extreme cases. We will
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therefore investigate a spin-1 chain in the presence of a helical
magnetic field with a given pitch angle ϕ, where ϕ = 0
corresponds to the case of constant magnetic field, whereas
ϕ = π corresponds to the limit of a staggered field, i.e., a field
with opposite orientation on neighboring lattice sites. As we
show below, a spin chain in a helical magnetic field can be
mapped onto a spin chain in a constant field but with DMI.
Spin systems with DMI have recently attracted significant
attention, for instance in the study of magnetized thin films
[28–30], graphene [31], spin-1/2 ladders [32], multiferroic
phases [33], anisotropic Heisenberg antiferromagnets [34], or
XY spin chains [35,36].
On the numerical side, we have studied the ground state
properties of the S = 1 chain in a helical magnetic field using
the density matrix renormalization group (DMRG) [37,38]
focusing on entanglement measurements and the energy gap
from the ground state to low-lying excitations. Over the past
three decades, DMRG has developed into arguably the most
powerful numerical tool for one-dimensional systems [38]
and is ideally suited for the present problem. Both standard
DMRG and the infinite-DMRG (iDMRG) were used in the
calculations. This allows us a characterization of the phase
diagram as a function of pitch angle ϕ and magnetic field
strength B.
Furthermore, we have developed an analytical theory to
obtain a qualitative understanding of the numerically obtained
phase diagram. It is known that the ground state properties
of a spin-1 chain can be conveniently accessed by splitting
it into two coupled spin-1/2 chains [39]. The latter spin-1/2
systems, in turn, can be mapped onto two coupled spinless
fermionic chains via a Jordan-Wigner transformation. The
resulting system can be studied using bosonization and a
renormalization group analysis.
This paper is organized as follows. First, we present our
model in Sec. II. In Sec. III, we explain the details of the nu-
merical simulations and show the numerically obtained phase
diagram of the model, as well as a plot of its entanglement
spectrum. In Sec. IV, the phase transitions will be explained
qualitatively based on a bosonization approach. Finally, we
present our conclusions in Sec. V.
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II. THE MODEL
We would like to investigate the phase transition in an
isotropic spin-1 Heisenberg chain in the presence of a spiral
magnetic field. The system is described by the Hamiltonian
H = J
∑
j
S j · S j+1 + B
∑
j
[
cos (ϕ j)Sxj + sin (ϕ j)Syj
]
. (1)
Here, S = (Sx, Sy, Sz ) and Sx,y,zj are the components of a local
spin operator on a site j of a chain of length L, and B is
the strength of the magnetic field. The latter points in the x-y
plane and describes a spiral around the direction of the chain.
The angle ϕ becomes the tilt between the orientations of the
respective magnetic fields at the sites j and j + 1. It is already
known that this system hosts a Haldane phase in the limit of
a constant field (ϕ = 0) [23], whereas the spectrum is fully
gapped and the Haldane phase is absent for a staggered field
(ϕ = π ). Our aim is to investigate the crossover between these
two limits.
In order to elucidate the physical relevance of the Hamil-
tonian (1), we perform a unitary transformation which corre-
sponds to rotating the spin on site j by an angle ϕ j about the
z axis,
U =
L∏
j=1
Uj with Uj = e−iϕ jSzj . (2)
Under this transformation, Eq. (1) is shown to be equivalent
to an anisotropic spin-1 Heisenberg Hamiltonian with DMI in
a constant magnetic field orientated along the x axis,
HDM = UHU−1
=
L−1∑
j=1
[
JxSxj Sxj+1 + JySyj Syj+1 + JzSzjSzj+1
+ D · (S j × S j+1)
]+ B
L∑
j
Sxj . (3)
The resulting DMI vector has the form D = (0, 0, Dz ) and
the value of the Heisenberg exchange couplings and the DMI
strength for a pitch angle ϕ are given by Jx = Jy = J cos(ϕ),
Jz = J , and Dz = J sin(ϕ).
III. NUMERICAL RESULTS
We start the discussion of the ground state phases by
identifying the energy gap of the lowest excitation for the
ground state in the different parameter regimes. The energy
gap was estimated from simulations of the Hamiltonian (1)
on a chain of length L = 36 with periodic boundary condi-
tions. The lowest excited state is obtained by performing a
DMRG sweep for the wave function of the ground state, then
performing another DMRG calculation but with an additional
constraint that the second ‘ground state’ wave function has to
be orthogonal to the first wave function found. The difference
in the energies of the two states found is the energy gap .
Normally, DMRG works best with open boundary conditions
(OBC), and the computational cost of implementing PBC is
substantial. However, in this case, the use of PBC is essential.
The Haldane chain has a unique ground state for a periodic
FIG. 1. Energy gap  of the spin-1 Heisenberg chain in a helical
magnetic field as a function of the magnetic field B and of the pitch
angle ϕ. The red portion represents the gapless region of the energy
gap phase diagram.
chain, whereas for an open chain the ground state develops a
fourfold degeneracy. As the latter makes the estimation of the
energy gap numerically very challenging, periodic boundary
conditions need to be used. Since the applied spiral magnetic
field must respect the periodic boundary conditions, numerical
simulations are possible only for ϕ = 2πn/L with n ∈ Z. A
maximum bond dimension of 5000 and 12 DMRG sweeps
were found to be sufficient for the energy to converge with
a relative error less than 10−10 using ITensor [40].
The results of the energy gap calculations are shown in
Fig. 1. In the limit of zero magnetic field, the Hamiltonian
(1) reduces to the spin-1 Heisenberg model. The ground
state in this limit (the Haldane phase) has a finite gap to
the lowest excitation and exhibits no long-range magnetic
order. However, there is a topological order characterized by
the string order parameter that differentiates the state from
a quantum paramagnet. Except for this Haldane phase near
B = 0, the onset of the gap in Fig. 1 resembles that of a
spin-1/2 chain with DMI [41]. At small, nonzero values of
the applied field, the gap remains finite. For values of the
twist angle, ϕ  2π/3, the gap vanishes at a critical field
Bc1(ϕ) that depends on ϕ, accompanied by a transition to
a gapless antiferromagnetically ordered ground state. The
finite-size scaling of the energy gap is shown in Fig. 2 for two
representative values of the pitch angle, and the calculations
reaffirm that the absence of a gap in the red region in Fig. 1 is
not due to numerical artifacts.
The spin correlation function is shown in Fig. 3. At B = 0,
it decays exponentially in the Haldane phase reflecting an
energy gap. At B = 2.0 and ϕ = 0, in the gapless phase, the
spin correlation decays algebraically as it is in the Luttinger
liquid phase. For ϕ = 0, the spin correlation in the gapless
phase exhibits similar behavior at short length scales. In
addition, the numerical simulations also reveal modulations
on length scales consistent with the pitch of the applied field.
Upon increasing the field further, there is eventually a
transition to a fully polarized state at a second critical field,
Bc2(ϕ), where the state becomes polarized along the local
field direction, and a (trivial) ground state gap reappears. The
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FIG. 2. Log-log plot of the finite size scaling calculations of the
energy gap for ϕ = π/2 and ϕ = π/3. For ϕ = π/3, at system sizes
L = 24 and 36, the energy gap values have been readjusted to the
truncation error as the calculated values were less than that.
field extent of the gapless antiferromagnetic phase decreases
continuously with increasing ϕ and eventually vanishes at
ϕ ≈ 2π/3. For larger twist angles, the ground state of the
system evolves from the topologically ordered Haldane phase
to a topologically trivial fully polarized phase without any
phase transition at any finite nonzero field.
What is the nature of the ground state in the field range
B < Bc1(ϕ) for ϕ  2π/3? Is it adiabatically connected to the
Haldane phase at B = 0 and topologically ordered? The Z2 ×
Z2 string order parameter, defined as
Ozstr ≡ lim|i− j|−→∞ −
〈
Szi
[
eiπ
∑ j−1
k=i+1 S
z
k
]
Szj
〉
, (4)
is a definitive observable to identify the Haldane phase and
it shows that increasing a linear magnetic field destroys the
Haldane phase (Fig. 4). This function also shows that at high
magnetic fields where the gap reopens, the resulting spin-
polarized phase is topologically different from the Haldane
phase.
The S = 1 Heisenberg chain has a spontaneously broken
hidden Z2 × Z2 symmetry [42,43], i.e., any π rotation about
FIG. 3. Spin-spin correlation functions for ϕ = 0 and ϕ = π/3.
FIG. 4. String order parameter Ozstr at ϕ = 0. The string order
parameter vanishes when the excitation gap closes and the system
undergoes a phase transition from the Haldane phase to a topologi-
cally trivial one.
the x or y axis is equivalent to a π rotation about the z axis.
However, in the presence of a finite helical field (ϕ > 0),
the string order parameter defined in Eq. (4) is no longer
a valid measure of topological order. Instead, we have used
the structure of the entanglement spectrum to identify the
topological character of the different ground state phases.
To obtain the entanglement spectrum, one partitions the
system into two blocks. The reduced density matrix of either
of these blocks can be expressed as ρˆ = e− ˆH . The eigenvalues
of the “entanglement Hamiltonian” ˆH form the entanglement
spectrum. For a topologically ordered phase the latter consists
of doubly degenerate eigenvalues [23], and it serves as a
powerful identifier of the topological character of a state
where conventional measures are not applicable. Figure 5
presents the measured entanglement spectrum for multiple
pairs of the parameters (B/J, ϕ) within the different phases.
At B = 0, the system is in the Haldane phase, which is a
FIG. 5. Entanglement spectrum for the spin-1 Heisenberg chain
in a helical magnetic field for various parameters. λ are the eigenval-
ues calculated from the density matrix of the entanglement Hamilto-
nian. The double degeneracy of the eigenvalues in the Haldane phase
is lifted in finite helical magnetic fields.
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FIG. 6. Entanglement entropy plots for ϕ = 0, π/9, 2π/9, π/2,
and π for various χ .
topologically ordered phase. The entanglement spectrum ex-
hibits the expected double degeneracy. Results for ϕ > 0 show
that the double degeneracy is lifted for any nonzero helical
magnetic field. At finite helical magnetic fields, there are no
topological phases. For ϕ  2π/3, the ground state remains
gapped, but the topological character is lost. To summarize,
the long-range topological character of the Haldane phase
is broken at infinitesimally small helical magnetic field. All
the other phases (AFM and fully polarized) are topologically
trivial as well, as confirmed by their entanglement spectra.
Finally, the behavior of the entanglement entropy is a
reliable indicator of a phase transition. As the entanglement
of a system near a phase transition increases without bound,
the entanglement entropy is expected to diverge at a critical
point. The entanglement entropy should increase with the
bond dimension χ , which is the parameter that controls the
truncation of the system as iDMRG is performed [44]. The
results are shown in Fig. 6 for five representative values of the
twist angle. For ϕ  π/2, the entanglement entropy exhibits
singularities at the critical field values for the Haldane-AFM
and AFM-fully polarized transitions. On the other hand, for
ϕ = π , the entanglement entropy decreases monotonically
with increasing field, reflecting the absence of any transition,
thus confirming the phase diagram obtained from energy gap
and entanglement spectrum data.
IV. INTERPRETATION OF THE PHASE TRANSITIONS
In this section, we discuss the numerical results by inter-
preting the phase diagram based on renormalization group
(RG) arguments. Indeed, to explain the phase transitions pre-
sented in Fig. 1, we start by mapping the Hamiltonian (1) onto
a ladder of spin-1/2 chains, which in turn makes it possible to
use a bosonization approach. The ensuing step is to identify
the most RG-relevant terms in the bosonized Hamiltonian as
a function of the parameters ϕ and B.
A. Bosonization of the Hamiltonian
The different steps to bosonize a spin-1/2 Heisenberg
Hamiltonian can be found in standard textbooks [45].
However, because the chain considered here is composed of
spin-1 sites, the traditional approach is not sufficient to fully
bosonize the Hamiltonian (1). Instead, we need to use an
approach proposed by Schulz [39], which rests on the fact that
the ground state properties of an S = 1 Heisenberg Hamil-
tonian are the same as those of two coupled S = 1/2 spin
chains. Hence, for the consideration of the ground state phase
diagram, it is permissible to represent the spin-1 operator
S j on site j in terms of two spin-1/2 operators S1,2j via the
replacement
S j = S1j + S2j . (5)
To apply the Jordan-Wigner transformation, which is
a prerequisite of bosonization, we proceed to express
Eq. (1) in terms of Pauli matrices using Eq. (5) and
S1,2j = σ1,2j /2. Defining the helical magnetic field vector
B j = B[cos(ϕ j), sin(ϕ j), 0], one finds H =
∑
r=1,2(HH,r +
HB,r ) + H12, where
HH,r = J4
∑
j
σrj · σrj+1, (6)
HB,r = B2
∑
j
[(cos (ϕ j)σ x,rj + sin (ϕ j)σ y,rj ], (7)
H12 = J4
∑
j
(
σ1j · σ2j+1 + σ2j · σ1j+1
)
. (8)
The system thus consists of two identical spin-1/2 chains,
each of which interacts with a spiral magnetic field. Using
the language of spin ladders [32], these chains are coupled
by a cross interchain coupling term H12, where every site j
of one leg interacts with the site j + 1 of the other leg. At low
energies, the Heisenberg terms HH,r can be expressed in terms
of the bosonic fields φ(x) and θ (x) as
HH,r =
∫ dx
2π
[
u
K
(∇φr (x))2 + uK (∇θ r (x))2
]
− J
2aπ2
∫
dx cos(4φr (x)), (9)
where a is a cutoff related to the lattice spacing, u/K is a
parameter directly related to the compressibility of the system,
and K is the Luttinger parameter.
Next, to express the coupling term between the two chains
with a bosonic representation, we use the representation
[39,45],
σ±(x) ∝ e∓iθ (x)[(−1)x + cos (2φ(x))], (10)
which leads to
H12 ∝ J
∫
dx
[
cos(θ2(x) − θ1(x))
+
1∑
j=0
4 cos(2φ1(x) + (−1) j2φ2(x))
]
. (11)
Last but not least, for the magnetic field term we need to
use Eq. (10) again and obtain
HB,r ∝ B
∫
dx[(−1)x + cos(2φr (x))] cos(ϕx + θ r (x)).
(12)
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FIG. 7. Scaling dimensions associated with the different cosines
present in H as a function of K . The full purple line represent cosines
that are the most relevant for Luttinger parameters K > 0.35. The
black horizontal line is the limit above which any cosine becomes
irrelevant.
For determining the scaling dimensions, it is convenient to
remove ϕ from the cosine terms via the change of vari-
able to r (x) = θ r (x) + ϕx. Moreover, one can neglect fast
oscillating terms proportional to (−1)x. The calculations of
the scaling dimensions of the various cosine terms is then
straightforward and the result is shown in Fig. 7.
B. The different phases
A single RG-relevant cosine term depending on the fields φ
or θ in a bosonized Hamiltonian will in general open a gap in
the spectrum. Consider as an example the term − cos(4φ(x)).
If it is relevant, the ground state is reached by pinning φ(x) to
a minimum of the cosine term, e.g., φ(x) = 0. A quadratic
expansion around φ(x) = 0 then reveals that the spectrum
becomes gapped.
However, in our discussion, the picture is more complex
for two reasons: Firstly, an RG-relevant cosine term only
becomes the dominant term in the Hamiltonian if the RG
flow can be continued all the way to zero energy. But if
another term with a large energy scale is present, the RG flow
stops at that energy scale, in which case the most RG-relevant
term is not necessarily the dominant term in the Hamiltonian.
Secondly, the situation is more complex in the presence of
competing cosine terms. If multiple noncommuting cosine
terms are present, it is impossible to pin noncommuting phase
operators separately to their respective minima. In that case,
the competition between two relevant cosine terms may cause
the system to remain gapless. We will show below that this
situation occurs for the gapless phase between the Haldane
and the ferromagnetic phase. Hence, to find the phase of the
system for a given choice of parameters, we have to take into
account both the relevance of the cosine terms as well as the
value of their prefactors.
As the Luttinger parameter K depends on the coupling J ,
the RG relevance of the cosines will change along the vertical
axis of the phase diagram in Fig. 1. The phase transitions
along this axis are thus determined by the changing order
of relevance of different cosine terms. In contrast, along the
horizontal axis, only the parameter ϕ changes, not the scaling
dimensions, which means that only the relative importance of
the prefactors as a function of ϕ and J determines the phase
transition.
The gapped Haldane phase only appears in integer spin
chains. Therefore, the origin of the gap opening must be found
in H12. It turns out that, when considering the limit B = 0, we
do find relevant cosines containing different combinations of
the fields θ r and φr in H12. It is the presence of at least one
of these cosines that opens a gap, explaining thus the gapped
phase for small values of the ratio B/J . The bosonized ex-
pression of the string order parameter contains cos(φr (x)) and
∇φr (x) coming from the bosonized expression of Szj (x) [45].
When the term cos(2φr (x)) is relevant, which corresponds
to low values of K , fluctuations of φ are suppressed and we
find indeed Ozstr ≈ 0. According to Fig. 4, the string order
parameter vanishes towards large values of B/J . Therefore,
we can deduce that K < 1/2 corresponds to the large values
of B/J , while K > 1/2 corresponds to small values of B/J .
Eventually, it implies that cos(2 − 1) is the most relevant
cosine term in the Haldane phase because it is the most
relevant term for K > 1/2.
The phase for B/J  1 is also a gapped phase. In this case,
the large prefactor B/J means that one can neglect every co-
sine term except the magnetic field term cos(2φr (x) ± r (x)).
These cosine terms are therefore at the origin of the gap
opening in this regime, and the resulting phase corresponds
to a trivial spin-polarized phase. Note that in this case the
magnetic field term is dominant despite the fact that it is not
the most RG-relevant term, simply because the RG flow can
only be continued up to energies of order B.
We have identified the dominant cosine terms for the
extreme values of B/J . We will now study more in detail the
two phase transitions occurring at B/J ≈ 0.4 and B/J ≈ 4,
both at ϕ = 0 for which the problem reduces to the well-
known magnetization process of a spin-1 chain interacting
with a uniform magnetic field. For 0.4 < B/J < 4, the pref-
actors of different cosine terms of H are of the same order.
As we argued before, upon increasing B/J the value of
the Luttinger parameter varies from K > 1/2 to K < 1/2
where this time cos(2φ1(x) ± 2φ2(x)) is the most relevant.
Additionally, for K = 1/2 the system reaches a certain point
where all three cosines of interest are equally relevant. It
can be deduced that the gapped to gapless phase transition
occurring at B/J = 0.4 corresponds to the moment when
cos(2φ1(x) ± 2φ2(x)) and cos(2φr (x) ± r (x)) become al-
most as relevant as cos(1(x) ± 2(x)) (they are all equally
relevant for B/J = 0.5). Then, the phase transition at B/J = 4
logically occurs because cos(2φ1(x) ± 2φ2(x)) becomes the
most relevant of the cosines.
We can isolate the term in the Hamiltonian corresponding
to the helical magnetic field,
Hϕ = −2uKϕ
2∑
r=1
∫
dx∇r (x). (13)
Therefore, in bosonization language this term is equivalent
to a chemical potential term for both spin-1/2 chains. This
allows us to understand the phase transition which occurs
upon increasing ϕ for a given B/J as analogous to a Mott
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transition from a gapless metallic phase to a gapped Mott
insulating phase due to a change of chemical potential, i.e., a
so-called Mott-δ phase transition. An RG calculation includ-
ing the chemical potential term can be used to show that the
change of K due to the change of chemical potential remains
small [45].
The two previous phenomena are helpful in understanding
the approximately triangular shape of the gapless region in the
phase diagram. Indeed, since increasing both B or ϕ leads to a
trivial gapped phase characterized by the same spin-polarized
state, the transition to the gapped phase occurs for larger
(smaller) ϕ as B/J is decreased (increased). This explains
qualitatively the fact that the line separating the metallic phase
from the insulator phase in the phase diagram has a negative
slope.
Finally, a comment is due about the limit of a staggered
magnetic field corresponding to ϕ = π . In this case the mag-
netic field term becomes
HB1 + HB2 =
2∑
r=1
B
2πa
∫
dx cos(θ r (x)). (14)
For 0.35 < K < 1 this cosine term becomes the most RG
relevant, see Fig. 7. Its prefactor depends on the values of
B, therefore for 0.35 < K < 1 and a strong enough magnetic
field, this term will be at the origin of the gap opening. For
large values of the magnetic field corresponding to K < 0.35,
although cos (θ r (x)) is not the most relevant cosine anymore,
the other cosine terms are negligible compared to it and, con-
sequently, cos (θ r (x)) will still be the cosine opening the gap.
In contrast, for small values of B, in other words large values
of K , this term can be neglected compared to cos(2 − 1)
which is for these values of K the second most RG relevant
cosine and will be thus at the origin of the gap opening.
However, these two terms commute, so there is no gap closing
between two different regimes as B is increased. To give a
physical interpretation we can say that this line in the phase
diagram can be regarded as a Mott insulator of magnons.
V. CONCLUSION
In summary, we have studied the ground state phases
of the S = 1 Heisenberg chain with DM interactions in a
magnetic field using complementary numerical and analytical
techniques. The ground state of the model in the absence
of DMI and external field is the Haldane phase which is
a symmetry-protected topological (SPT) phase protected by
a Z2 × Z2 symmetry. The interplay between DMI and a
magnetic field leads to an effective spiral magnetic field which
breaks this symmetry. Consequently, the ground state of the
present model loses the SPT character for any nonzero DMI or
equivalently, spiral magnetic field. We have identified the var-
ious field-driven phases and the associated phase transitions
and studied their topological character using the entanglement
spectrum. The phase transitions obtained numerically have
been analytically confirmed by a bosonization study.
ACKNOWLEDGMENTS
H.T. and T.L.S. acknowledge support from the Fonds
National de la Recherche Luxembourg under Grants No.
AFR 11224060 and ATTRACT 7556175. P.S. acknowledges
support from the Ministry of Education, Singapore, under
Grant No. MOE2016-T2-1-065. E.T.S.O. and P.S. would like
to thank F. Pollmann and J. Hauschild for the insightful
discussions as well as the HPC Team, High Performance
Computing Centre, NTU and the National Supercomputing
Center Singapore for their expertise and help rendered.
[1] F. D. M. Haldane, Phys. Rev. Lett. 50, 1153 (1983).
[2] F. Haldane, Phys. Lett. A 93, 464 (1983).
[3] M. P. Nightingale and H. W. J. Blöte, Phys. Rev. B 33, 659
(1986).
[4] A. F. Albuquerque, C. J. Hamer, and J. Oitmaa, Phys. Rev. B
79, 054412 (2009).
[5] Y. J. Kim and R. J. Birgeneau, Phys. Rev. B 62, 6378 (2000).
[6] M. Matsumoto, C. Yasuda, S. Todo, and H. Takayama, Phys.
Rev. B 65, 014407 (2001).
[7] J. C. Pillay, K. Wierschem, and P. Sengupta, Phys. Rev. B 88,
054416 (2013).
[8] K. Wierschem and P. Sengupta, Phys. Rev. Lett. 112, 247203
(2014).
[9] K. Wierschem and P. Sengupta, Dimensional crossover in quasi-
one-dimensional spin-1 heisenberg antiferromagnets, in Pro-
ceedings of the International Conference on Strongly Correlated
Electron Systems (SCES2013), https://journals.jps.jp/doi/pdf/
10.7566/JPSCP.3.012005.
[10] S. R. White and D. A. Huse, Phys. Rev. B 48, 3844 (1993).
[11] S. R. White and I. Affleck, Phys. Rev. B 77, 134437 (2008).
[12] S. Hu, B. Normand, X. Wang, and L. Yu, Phys. Rev. B 84,
220402(R) (2011).
[13] S. Moukouri and E. Eidelstein, Phys. Rev. B 84, 193103 (2011).
[14] S. Moukouri and E. Eidelstein, Phys. Rev. B 86, 155112 (2012).
[15] H. Mutka, C. Payen, P. Molinié, J. L. Soubeyroux, P. Colombet,
and A. D. Taylor, Phys. Rev. Lett. 67, 497 (1991).
[16] T. Asano, Y. Ajiro, M. Mekata, H. Yamazaki, N. Hosoito, T.
Shinjo, and H. Kikuchi, Solid State Commun. 90, 125 (1994).
[17] M. Takigawa, T. Asano, Y. Ajiro, and M. Mekata, Phys. Rev. B
52, R13087(R) (1995).
[18] M. Takigawa, T. Asano, Y. Ajiro, M. Mekata, and Y. J. Uemura,
Phys. Rev. Lett. 76, 2173 (1996).
[19] A. Zheludev, T. Masuda, I. Tsukada, Y. Uchiyama, K.
Uchinokura, P. Böni, and S.-H. Lee, Phys. Rev. B 62, 8921
(2000).
[20] B. Pahari, K. Ghoshray, R. Sarkar, B. Bandyopadhyay, and A.
Ghoshray, Phys. Rev. B 73, 012407 (2006).
[21] A. K. Bera, B. Lake, A. T. M. N. Islam, B. Klemke, E.
Faulhaber, and J. M. Law, Phys. Rev. B 87, 224423 (2013).
[22] W. J. L. Buyers, R. M. Morra, R. L. Armstrong, M. J. Hogan,
P. Gerlach, and K. Hirakawa, Phys. Rev. Lett. 56, 371 (1986).
[23] F. Pollmann, A. M. Turner, E. Berg, and M. Oshikawa, Phys.
Rev. B 81, 064439 (2010).
[24] I. Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 (1958).
[25] T. Moriya, Phys. Rev. 120, 91 (1960).
[26] M. Tsukano and K. Nomura, Phys. Rev. B 57, R8087(R) (1998).
195111-6
PHASE DIAGRAM OF SPIN-1 CHAINS WITH … PHYSICAL REVIEW B 100, 195111 (2019)
[27] M. Tsukano and K. Nomura, J. Phys. Soc. Jpn. 67, 302
(1998).
[28] A. Hrabec, N. A. Porter, A. Wells, M. J. Benitez, G. Burnell,
S. McVitie, D. McGrouther, T. A. Moore, and C. H. Marrows,
Phys. Rev. B 90, 020402(R) (2014).
[29] M. Heide, G. Bihlmayer, and S. Blügel, Phys. Rev. B 78,
140403(R) (2008).
[30] S. Rohart and A. Thiaville, Phys. Rev. B 88, 184422 (2013).
[31] F. Ajejas, A. Gudín, R. Guerrero, A. Anadón Barcelona, J. M.
Diez, L. de Melo Costa, P. Olleros, M. A. Niño, S. Pizzini,
J. Vogel, M. Valvidares, P. Gargiani, M. Cabero, M. Varela,
J. Camarero, R. Miranda, and P. Perna, Nano Lett. 18, 5364
(2018).
[32] H. Ueda, S. Onoda, Y. Yamaguchi, T. Kimura, D. Yoshizawa,
T. Morioka, M. Hagiwara, M. Hagihala, M. Soda, T. Masuda
et al., arXiv:1803.07081.
[33] I. A. Sergienko and E. Dagotto, Phys. Rev. B 73, 094434
(2006).
[34] W. E. Parente, J. Pacobahyba, M. A. Neto, I. G. Araújo, and
J. Plascak, J. Magn. Magn. Mater. 462, 8 (2018).
[35] T. Farajollahpour and S. A. Jafari, Phys. Rev. B 98, 085136
(2018).
[36] S. Gombar, P. Mali, M. Pantic, M. P. Hrvojevic, and S.
Radosevic, arXiv:1803.07523.
[37] S. R. White, Phys. Rev. Lett. 69, 2863 (1992).
[38] U. Schollwöck, Rev. Mod. Phys. 77, 259 (2005).
[39] H. J. Schulz, Phys. Rev. B 34, 6372 (1986).
[40] Itensor library v2.1 at http://itensor.org.
[41] T. L. Schmidt and C. J. Pedder, Phys. Rev. B 94, 125420 (2016).
[42] T. Kennedy and H. Tasaki, Phys. Rev. B 45, 304 (1992).
[43] F. Pollmann, E. Berg, A. M. Turner, and M. Oshikawa, Phys.
Rev. B 85, 075125 (2012).
[44] J. Hauschild and F. Pollmann, SciPost Phys. Lect. Notes 5, 1
(2018).
[45] T. Giamarchi, Quantum Physics in One Dimension (Clarendon
Press, Oxford, 2003).
195111-7
